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DECREASED ELASTIN IN HUMANS is associated with supravalvular aortic stenosis (SVAS, OMIM 185500), an autosomal dominant disease resulting from loss of function mutations in the elastin gene that lead to functional elastin haploinsufficiency and results in aortic stenosis, hypertension, and cardiac failure (27) . SVAS can occur alone or as a condition of Williams Syndrome (WS, OMIM 194050), which is caused by a large deletion in chromosome seven that includes the elastin gene. Cardiovascular defects occur in about one-half of WS patients and are often the first symptom in infants and young children. WS infants with cardiovascular abnormalities before 4 mo of age have a poor prognosis (8) .
Mice haploinsufficient for elastin (Eln
) provide a genetic model for SVAS. High blood pressure is a common component of SVAS and WS and is completely penetrant in Eln ϩ/Ϫ mice. Large blood vessels in elastin-insufficient humans and mice show numerous morphological changes, including an increased number of elastin layers (elastic laminae) (26) . Elastic laminae are organized circumferentially with alternating layers of smooth muscle cells (SMCs) and collagen fibers into lamellar units. The number of lamellar units is established during development and is regulated by mechanical tension in the wall (41) . This unique adaptation in wall structure suggests developmental remodeling in response to altered mechanics and hemodynamics (10, 37) . Although human and mouse vessels show similar developmental adaptations, human vessels continue on to pathological remodeling and develop stenoses that lead to cardiac disease. Mouse vessels show functional remodeling with no evidence of stenoses. Eln ϩ/Ϫ mice live a normal life span despite smaller diameter vessels and significant hypertension (10, 40) . The pathological remodeling of human vessels vs. the functional remodeling of mouse vessels with elastin haploinsufficiency could be caused by differences in the hemodynamic and mechanical forces on the arteries during development. Determining these forces and the resulting arterial structure and function in mice may help design treatments for children and infants with SVAS that encourage functional instead of pathological vessel wall remodeling.
Elastin and other structural matrix proteins, such as collagen, are expressed at high levels during the last third of embryonic development and up to ϳ1 mo after birth in mice (22, 28) . During this same period, blood pressure and blood flow increase rapidly (19, 23) , and arterial diameter and thickness increase significantly (16, 24) . The extracellular matrix proteins provide resiliency and strength to the growing vessel wall as the mechanical forces increase. The amount of collagen and the mechanical strength of tissue-engineered vessels can be increased by exposing the vessels to mechanical forces during culture (30) . Mimicking developmental conditions by continuous increases in the mechanical forces increases collagen deposition and vessel strength even more (36) . Elastin deposition and the assembly of functional elastic fibers in tissueengineered vessels has been difficult to obtain, perhaps because of the numerous proteins involved in elastic fiber assembly (38) and the complex hemodynamic conditions in developing arteries. Understanding when elastin is required for normal cardiovascular development may help optimize protocols for elastin production in tissue-engineered vessels.
Mice lacking elastin (Eln Ϫ/Ϫ ) die soon after birth with cardiovascular abnormalities, including tortuous, stenotic, stiff arteries and high left ventricular (LV) pressure with low cardiac output (25, 37) ; therefore, elastin is critical at some earlier point for normal cardiovascular development. The relationships between matrix protein expression, hemodynamics, mechanical forces, and vessel wall remodeling suggest that elastin might only be required for proper cardiovascular function in vertebrates late in development when the mechanical and hemodynamic forces increase beyond a certain threshold.
To investigate this possibility, we measured blood pressure, blood flow, cardiac function, and vascular geometry, ultrastructure, and mechanics in embryonic day (E) 18 mice with 0% (Eln Ϫ/Ϫ ), ϳ50% (Eln ϩ/Ϫ ), and 100% [wild type (WT)] elastin. Our findings suggest that elastin plays a minor role in vascular development up until this time and that hemodynamic forces reach a critical threshold between E18 and birth when elastin becomes necessary for normal cardiovascular structure and function.
MATERIALS AND METHODS
Mice. Timed matings were established for C57BL/6J mice bearing a heterozygous deletion of exon 1 in the elastin gene (Eln ϩ/Ϫ ) (25). The morning after mating was considered E1, and the embryos were used at E18. All protocols were approved by the Institutional Animal Care and Use Committee, and this investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health.
Blood pressure. Pregnant mothers were anesthetized with 1.5% isoflurane. Body temperature was maintained with a feedback-controlled heating pad, and heart rate was continuously monitored by ECG. The uterus was externalized and placed on moistened gauze. The exposed embryos were warmed by a heat lamp and moistened with warm saline. Each embryo remained in its embryonic sack and was gently manipulated into position for measurements. LV pressure was measured in each embryo with a 30-gauge needle connected to a pressure transducer (Uniflow; Baxter). A parasternal long-axis view of the LV was monitored by ultrasound (Vevo 770, 55-MHz probe; Visualsonics) as the needle was advanced in the LV chamber with the injection arm of the imaging platform, as previously described for neonatal mice (37) . LV pressure was recorded for several minutes, and then the needle was withdrawn and heart function was monitored for several minutes after withdrawal. The blood pressure measurements took 7-10 min/embryo, and an entire litter could be measured without any evidence of distress in the mother or the embryos.
The fluid-filled pressure system does not have the dynamic response necessary to acquire the complete waveform at the high heart rates of E18 mice, but a damped pressure waveform was acquired and mean LV pressure and heart rate were measured over five cardiac cycles. Assuming that the true LV diastolic pressure is zero, the measured mean pressure is equal to one-half the systolic pressure (37) .
Echocardiography. Mothers and embryos were prepped as described for the blood pressure studies and imaged with the same ultrasound system. Different groups of mice were used because it was not possible to perform both pressure and echocardiography studies on the same animal. Procedures for ultrasound imaging of embryonic mice were modified from Phoon (31) . Aortic diameters were measured from m-mode images of the ascending aorta. LV diameters, fractional shortening, and mass were determined from two-dimensional parasternal short-axis images at the level of the papillary muscles using standard equations. Aortic velocity-time integral, cardiac output, and heart rate were calculated from suprasternal Doppler and two-dimensional images at the aortic valve using Visualsonics software. Because of limitations with positioning the embryos, not all views were obtained for each embryo. Imaging usually took 15-20 min/embryo and was stopped at the first sign of distress in the mother or the embryos. Distress was usually noted by slow embryonic heart rates 1-1.5 h after externalization of the uterus.
Morphology, ultrastructural analysis, and DNA amount. Each mouse was killed and weighed, and the chest was opened to image the aorta and major arteries for length and morphology information before removal of the heart and aorta. The heart was washed with physiological saline, blotted, and weighed (wet weight). Normalized total heart weight was calculated by dividing the heart weight (mg) by the body weight (g). For ultrastructural analysis, the proximal ascending aorta was fixed in 2.5% glutaraldehyde/0.1 M sodium cacodylate, sequentially stained with osmium tetroxide, tannic acid, and uranyl acetate, and then dehydrated and embedded in PolyBed 812 (Polysciences). Thin sections (60 nm) were counterstained with uranyl acetate and lead citrate, examined on a Zeiss 902 electron microscope, and imaged with Kodak EM film. Two aortas were imaged for each genotype, and several grids were examined for each aorta. For DNA analysis, aortas were cut between the heart and innominate artery and frozen at Ϫ80°C until use. DNA was isolated using standard proteinase K methods and quantified using PicoGreen (Invitrogen) and a fluorescent plate reader.
Mechanical testing and unloaded dimensions. Mechanical testing was performed on the ascending aorta using a pressure and force arteriograph (Danish Myotechnology). The ascending aorta was mounted in the test system at its unloaded length and preconditioned for three cycles. After preconditioning, the intravascular pressure was increased from 2.5 to 40 mmHg in steps of 2.5 mmHg (5 s/step) for three cycles. The mechanical tests were not started at 0 mmHg because it was difficult to ensure that the test system returned to 0 mmHg before each cycle, and the application of any negative pressure caused the aorta to collapse. For the first protocol, the force either remained constant or decreased with increased pressure, implying that the aorta was either at or below its in vivo length (17) . If the force decreased, the aorta was stretched 2%, and the protocol was repeated. After testing, the aorta was removed and cut into two to three rings, ϳ0.2 mm thick. The rings were placed in physiological saline solution, and unloaded dimensions and circumferential residual strain, as characterized by the opening angle (OA), were measured (37, 40) .
The in vivo length protocol (17) , where the longitudinal force remained approximately constant with increasing pressure from 2.5 to 40 mmHg, was used for all analyses. Compliance was calculated as the average percent change in outer diameter for each 2.5-mmHg pressure step. For the compliance calculations at the lowest and highest points (2.5 and 40 mmHg, respectively), only the diameter change above or below that point was used, as necessary. Pressure, longitudinal force, and outer diameter from the in vivo length protocol were converted to stress and stretch ratios as described previously (37, 40) . The incremental elastic modulus was calculated as the incremental slope of the stress-stretch ratio curve for each pressure step (4, 7) . Aortas from all genotypes showed constant force with increasing pressure when stretched an average of 2% from their unloaded lengths; hence, 1.02 was used as the stretch ratio when calculating the deformed inner diameter for the stretch ratio and stress calculations.
Statistics. Outliers that were greater than three standard deviations from the mean were not included in the genotype comparisons. One Eln ϩ/Ϫ mouse was eliminated from the pressure data and two WT, two Eln ϩ/Ϫ , and one Eln Ϫ/Ϫ mice were eliminated from the mechanical test data as outliers. One-way ANOVA followed by Tukey's post hoc test were used to determine statistical differences using SPSS software (SPSS). P Ͻ 0.05 was considered significant.
RESULTS

Absent or reduced elastin does not significantly increase blood pressure in E18 mice. LV pressures were measured in WT, Eln
ϩ/Ϫ , and Eln Ϫ/Ϫ E18 mice to determine how elastin levels influence fetal blood pressure. Our data show that reduced elastin has no significant effect on blood pressure at this stage. The calculated systolic LV pressure and heart rate are similar for all three genotypes, although there is a trend toward increased pressure with reduced elastin amounts (Fig. 1 ). This is in contrast to the significant differences just 3 days later at birth when the LV pressure in Eln ϩ/Ϫ mice is 25% higher and in Eln Ϫ/Ϫ mice is 200% higher than WT animals (37). We are not aware of any published blood pressure measurements in E18 mice, but the pressures for all genotypes in this study are between the ranges previously measured for E13.5 (19) and neonatal (15, 18, 37) mice.
Cardiovascular function is not impaired by reduced elastin amounts at E18. High-frequency ultrasound was used to determine if reduced elastin affects cardiovascular function at E18. All three genotypes have approximately the same aortic diameter at systole, but the change in diameter between systole and diastole is approximately three times less in Eln Ϫ/Ϫ aorta than WT or Eln ϩ/Ϫ (Table 1) . Despite the stiff aorta, cardiac function parameters in Table 1 are normal in Eln Ϫ/Ϫ mice, and the parameters for all genotypes are similar to previous studies on late embryonic mice (13, 35, 43) . There are no significant differences between the heart rates in Table 1 and the heart rates measured during the pressure studies in Fig. 1 . The ultrasound data for WT mice at E18 compare favorably with our previously measured values for postnatal day (P) 1 mice (37); the aortic diameter, LV mass, heart rate, and cardiac output increase with developmental age, as expected. In Eln Ϫ/Ϫ mice, the cardiac function compared with WT declines dramatically between E18 and P1.
The ultrasound data is limited by the axial resolution of the probe (30 m) and the difficulty in obtaining optimal images in embryonic mice. Note that the axial ultrasound resolution is less than the average diameter change in the Eln Ϫ/Ϫ aorta and approximately one-half the diameter change of WT and Eln ϩ/Ϫ aortas. We were careful to follow the aortic wall throughout the cardiac cycle, and, if there were any uncertainties about the wall boundary, we assumed that the diameter at diastole was less than the diameter at systole. Despite these limitations, our in vivo data show that there are significant differences in aortic compliance and no detectable differences in heart function between Eln Ϫ/Ϫ and WT or Eln ϩ/Ϫ mice. Lack of elastin is associated with longer, thicker vessels at E18. In vivo and ex vivo dimensions and residual strain of the aorta were examined to determine the effects of elastin amount on vessel morphology and geometry (Table 2 ). Reduced elastin causes lengthening of the major arteries in both adult (4) and neonatal (37) mice. At E18, there is no significant lengthening in Eln ϩ/Ϫ aorta, but the in vivo length is significantly longer in Eln Ϫ/Ϫ aorta compared with WT and Eln ϩ/Ϫ ( Fig. 2 and Table  2 ). The absence of elastin causes SMC hypertrophy and medial thickening until the Eln Ϫ/Ϫ vessel becomes occluded soon after birth (26, 37) . At E18, there is significant thickening of the aortic wall, but the vessel is still patent. The residual strain as measured by the OA is not significantly different between genotypes, although there is a trend toward reduced OA with reduced elastin levels. By P1, the OA is significantly smaller in Eln Ϫ/Ϫ aorta compared with WT (37). Our range of OA in these studies is consistent with measured OA for the thoracic aorta in young mice (15) . We also measured body and heart weights of each animal. Consistent with the echocardiography results (Table 1) , there are no significant differences in the normalized total heart weight between genotypes.
SMC organization appears similar at E18, regardless of elastin amounts. The effect of reduced elastin amounts on the ultrastructure of the embryonic aortic wall in WT and elastininsufficient animals was assessed by electron microscopy Values are means Ϯ SD; n, no. of mice. Eln Ϫ/Ϫ , mice that lack elastin; Eln ϩ/Ϫ , mice that have about one-half the normal level of elastin. Shown are aortic inner diameter at systole (AoIDs) and diastole (AoIDd) and the percent change between systole and diastole (AoDC) from m-mode ultrasound images; left ventricle (LV) inner diameter at diastole (LVIDd), fractional shortening (FS), and LV mass (LVM) from 2-dimensional ultrasound images; and aortic velocity-time integral (AoVTI), cardiac output (CO), and heart rate (HR) from Doppler ultrasound images. *P Ͻ 0.05 for Eln Ϫ/Ϫ compared with wild-type (WT) and Eln ϩ/Ϫ . (EM). At E18, all genotypes have approximately eight layers of circumferentially arranged SMCs (Fig. 3) . In WT and Eln ϩ/Ϫ aortas, the SMC layers alternate with elastic laminae. The central laminae are the thickest and most complete, whereas those closest to the intima and adventitia are thinner and discontinuous. The elastic laminae appear thinner in Eln ϩ/Ϫ aorta than WT. Unlike newborn and adult mice, there are not an increased number of laminae in Eln ϩ/Ϫ aorta compared with WT (26, 37) . In Eln Ϫ/Ϫ aorta, the SMCs are mostly arranged circumferentially and have close cell-cell contacts. There are a few areas in the center of the wall where the cell-cell contacts have been disrupted and abundant proteoglycans, which do not take up the EM stain, have been deposited. The relatively organized appearance of the SMCs in E18 Eln Ϫ/Ϫ aorta is different from the disorganized appearance of the hyperproliferating SMCs in newborn Eln Ϫ/Ϫ aorta (25, 37). We also measured DNA content in each aorta, and, consistent with the equivalent cell number suggested by the EM images, the DNA amount is not significantly different between genotypes. There are 35.6 Ϯ 4.8, 37.9 Ϯ 4.2, and 43.1 Ϯ 8.1 ng DNA in WT,
Eln
ϩ/Ϫ , and Eln Ϫ/Ϫ aortas, respectively. By P1, there is significantly more DNA in the Eln Ϫ/Ϫ aorta, and DNA increases with age, as expected (37) .
Vessels without elastin have reduced compliance at E18. The in vitro mechanical behavior of the aorta was examined to determine how the vessel diameter and compliance change with pressure when elastin levels are decreased. In the absence of elastin, the E18 aorta behaves like a rigid tube with little change in diameter with pressure and significantly reduced compliance compared with WT and Eln ϩ/Ϫ aortas (Fig. 4) . At the in vivo length, the axial forces remain approximately constant with pressure and are not significantly different between genotypes (data not shown). The reduced compliance at E18 is similar to the reduced compliance in P1 Eln Ϫ/Ϫ aorta (37). The ex vivo compliance data were confirmed in vivo using m-mode ultrasound ( Fig. 5 and Table 1 ). Discrepancies between the absolute diameter values of the in vivo and in vitro data may be caused by the reduced resolution of the ultrasound probe (30 m) compared with that of our pressure and force arteriograph (3 m). Also, the loading rate of the in vitro studies is necessarily ϳ20 times slower than the in vivo loading rate, and there may be viscoelastic effects that decrease the measured in vitro diameter. Viscoelastic effects are negligible in adult arteries (11) but may be more significant in embryonic arteries. Finally, the comparisons are made using the in vitro diameter at the calculated systolic pressure, which was obtained under isoflurane anesthesia. Isoflurane has been shown to reduce blood pressure; therefore, the actual blood pressure and diameters may be slightly larger. Mechanical properties in vessels without elastin. The pressure-diameter data do not account for initial differences in vessel geometry between the three genotypes. To compare mechanical properties that are independent of the starting geometry, the circumferential stretch ratio and circumferential and axial stresses were calculated from the unloaded dimensions and the in vitro mechanical test data. The circumferential stretch ratio, circumferential stress, and axial stress at each pressure were not significantly different between genotypes (Fig. 6 ). This is in contrast to our previous data for newborn mice where the Eln ϩ/Ϫ aorta has significantly higher stretch ratios than WT and the Eln Ϫ/Ϫ aorta has significantly reduced circumferential stresses compared with WT and Eln ϩ/Ϫ at the same pressure (37) . Figure 7 shows that the circumferential stress-stretch ratio curves shift to the right with decreasing elastin amounts, as in adult animals (4), but the shift is not significant at E18. Consistent with the similar stress-stretch ratio curves, the incremental elastic modulus is not significantly different between genotypes (data not shown). We are unaware of published mechanical studies on embryonic mouse arteries with which to compare our data. However, our E18 and P1 data predict that the physiological circumferential stresses and incremental elastic modulus increase with developmental age, which is consistent with findings in mechanical studies of postnatal arterial development in mice (15) .
DISCUSSION
Cardiovascular development in mice follows a similar progression to humans, but on a compressed time scale. In mice, the heart begins beating at approximated E8.5, and the definitive vascular pattern is established at approximately E14, just when elastin expression begins to increase in the aorta. The systemic and pulmonary circulations separate completely with the closure of the ductus arteriosus a few hours after birth. The total amount of elastin and other matrix gene expression increases concurrently with blood pressure and blood flow from the start of cardiovascular development up until about P30 (39) . This relationship suggests that the concentration of matrix components in the artery wall is increased to meet the mechanical demands of the developing cardiovascular system. We studied Eln Ϫ/Ϫ and Eln ϩ/Ϫ mice to determine the time period where elastin is required for normal cardiovascular development and function.
Embryonic cardiovascular function in Eln Ϫ/Ϫ mice. In vivo and in vitro data show that the Eln Ϫ/Ϫ aorta is two to three times less compliant than Eln ϩ/Ϫ and WT aortas at physiological pressures, but this does not impair cardiac function. At birth, Eln Ϫ/Ϫ mice still have a less compliant aorta, but they also have double the LV pressure of WT mice and severely compromized cardiac function (37) . Thus, in only 3 days, heart function in Eln Ϫ/Ϫ mice deteriorates from normal to lethal. The aorta in E18 Eln Ϫ/Ϫ mice is longer and thicker than WT aorta. It has been shown that arteries grow axially in response to increased axial strain. Paradoxically, arteries also grow axially and become tortuous in response to decreased axial strain (20) . Increased arterial length and subsequent tortuosity are characteristic of adult mice with reduced elastin levels (2, 34) and of other mouse models with elastic fiber defects (14, 29, 42) , suggesting that intact elastic fibers are necessary to maintain axial tension and vessel stability. In Eln Ϫ/Ϫ aorta, the axial tension may be reduced enough that axial growth begins at E18. In Eln ϩ/Ϫ aorta, there seems to be enough elastin to maintain axial tension at E18, but by P1 the tension is reduced and axial growth has occurred. The increased thickness in Eln Ϫ/Ϫ aorta causes a trend toward reduced circumferential stress at high pressures, but this is not significant at E18. By P1, when the LV pressures are high, the increased thickness normalizes the physiological circumferential stress to WT values (37) . Besides the differences in length and thickness, other profound morphological differences in P1 Eln Ϫ/Ϫ arteries are not present in E18 arteries. P1 arteries show severe tortuosity, with the carotid arteries often forming complete loops in vivo, and the aorta has stenoses and dilations that change the diameter two-to threefold from normal values (37) . There are no elastic laminae in Eln Ϫ/Ϫ aorta, but the SMCs are organized in distinct and mostly circumferentially oriented layers. This is in contrast to the disorganized, overproliferating SMCs in newborn Eln Ϫ/Ϫ aorta (25, 37) . These data show that, although there are cardiovascular changes, the cardiovascular system in mice can develop and function normally without elastin until approximately E18.
It is surprising that E18 mice lacking elastin have normal LV blood pressure and cardiac function despite having a less compliant aorta. While one explanation is that shunting of blood through the patent ductus arteriosus into the pulmonary circulation provides for cardiac unloading in response to higher aortic afterload, our previous studies have shown that the large pulmonary vessels are affected in a similar manner to the systemic vessels in response to elastin insufficiency (34) . Hence, these smaller, stiffer pulmonary vessels may not be able to support normal cardiac unloading and could contribute to the effects attributed to the systemic circulation.
Cardiovascular function in Eln ϩ/Ϫ mice. Eln ϩ/Ϫ mice with reduced elastin amounts have similar LV pressure, cardiac function and aortic morphology, wall structure, and mechanical behavior to WT at E18. The individual elastic laminae in Eln ϩ/Ϫ aorta are ϳ50% thinner than WT, but both genotypes have the same number of laminae across the wall. Between E18 and birth, additional laminae are added to the outer aspect of the medial layer in Eln ϩ/Ϫ aorta. Newborn Eln ϩ/Ϫ animals also have 25% higher LV pressure compared with WT, and the aorta is longer with some differences in mechanical behavior (37) . Like Eln Ϫ/Ϫ mice, one of the first adaptations in the Eln ϩ/Ϫ cardiovascular system is an increase in arterial length. Unlike Eln Ϫ/Ϫ mice, the SMCs are able to functionally adapt the vessel wall structure by adding elastic laminae instead of pathologically proliferating to occlude the vessel lumen. Eln ϩ/Ϫ mice live a normal life span despite increased blood pressure, probably because the pressure increase occurs just before or at birth when the cardiovascular system is still developing and matrix proteins are expressed at high levels. As adults, Eln ϩ/Ϫ arteries have smaller diameters and thinner walls than WT arteries (40) , and Eln ϩ/Ϫ mice have increased stroke volume and cardiac output (10) . Hence, the majority of the cardiovascular remodeling associated with reduced elastin levels occurs between E18 and P1, but some additional remodeling occurs postnatally.
Elastin and cardiovascular hemodynamics. In evolution, elastin first appears in the high pressure, pulsatile, closed circulatory system of vertebrates where blood vessels become important components of cardiac function. In jawless vertebrates and invertebrates, the vessel walls are composed of fibrillin and collagen or collagen alone. Fibrillin is the major protein in microfibrils, which have limited elasticity and are associated with elastic fibers in vertebrate tissues (9) . Collagen Fig. 6 . There are no significant differences in the average circumferential (circ) stretch ratio (top), circumferential stress (middle), or axial stress (bottom) vs. pressure for each genotype. Data are means Ϯ SE; n ϭ 8 WT, 15 Eln ϩ/Ϫ , and 6 Eln Ϫ/Ϫ . Fig. 7 . The average circumferential stress vs. stretch ratio relationship for E18 aorta does not significantly depend on elastin amount. The slope of this curve at physiological pressure was used to calculate the incremental elastic modulus in Table 3 .
is ϳ10 times stiffer than elastin, and in vertebrate vessels it provides strength at high pressures (17) . Table 3 summarizes the aortic wall composition for vertebrate and invertebrate species. In invertebrate vessels, fibrillin and/or collagen are arranged in circumferential layers that resemble vertebrate elastic laminae (6) . Mechanical tests show that invertebrate arteries behave similarly to vertebrate arteries in their physiological pressure region with nonlinear stress-strain relationships and low hysteresis (energy loss) (6, 9, 33) . These vessels are working at low pressures, however, indicating that fibrillin and collagen are only capable of providing the necessary elasticity and strength needed for the low-pressure circulatory system of invertebrate animals.
In vertebrates, the aortic wall structure evolved to accommodate pulsatile blood flow and increased overall blood pressure, and additional proteins (fibrillin and then elastin) were added to accommodate the hemodynamic demands. Blood pressure affects the physiological circumferential stress on the artery wall, the tension per elastic laminae, and the incremental elastic modulus of the artery. Table 3 includes a comparison of these parameters throughout evolution, with data for developing mice included below the classification that has the most similar parameter values. A comparison of values shows that the developmental stage in mice, P1, when most of the cardiovascular changes appear with absent or reduced elastin levels has similar parameters to the evolutionary stage, jawless vertebrate, just before elastin is present in the artery wall. At E18, when we find few differences between mice with 100% and 0% elastin, the parameter values are in the range of invertebrates that do not need elastin. Various investigators have emphasized the importance of each of these parameters (circumferential stress, tension/elastic laminae, and incremental elastic modulus) in evolution, development, and remodeling of arteries (2, 5, 6, 12, 17, 41) . We emphasize that each one depends on the physiological blood pressure of the animal; therefore, pressure is likely the critical parameter that determines the structure and function of both invertebrate and vertebrate arteries.
We have focused on mechanics and hemodynamics, but it must be pointed out that Eln ϩ/Ϫ and Eln Ϫ/Ϫ vascular phenotypes may be influenced by alterations in signaling pathways linked to elastin or elastic fibers. Sequences within elastin have been shown to interact with, and signal through, cell surface receptors to influence, among other properties, cell movement, proliferation, and gene expression (1, 3, 21) . In addition, elastin is assembled on fibrillin-rich microfibrils, which also bind transforming growth factor (TGF)-␤ family growth factors (32) . Hence, the presence or absence of elastin may influence the amount of bound growth factor, which would have consequences for development. It is possible, for example, that Eln ϩ/Ϫ vessel structure is a consequence of alterations in growth factor signaling resulting from an increased number of "naked" microfibrils able to bind TGF-␤ because of a relative absence of elastin compared with WT. Further studies are required to explore the relationship between elastin and growth factor signaling.
In conclusion, as pressure increases throughout development and evolution, the aortic wall composition is altered to withstand the resulting hemodynamic and mechanical forces and to provide optimal cardiovascular function. In WT mice, the LV blood pressure increases 1-2 mmHg/day from E9.5 to E14.5 (19) . Our data suggest that pressure continues at this rate through E18 and then jumps significantly by 10 -15 mmHg between E18 and birth (37) . Our studies on E18 mice with absent or reduced elastin levels show that elastin is not necessary for normal cardiovascular function until the last few days of development when this large pressure increase occurs. At E18, Eln Ϫ/Ϫ and Eln ϩ/Ϫ LV pressure, cardiac function parameters and aortic mechanics, morphology, and ultrastructure are remarkably similar to WT. At birth, LV pressure is increased over WT in both genotypes, and Eln Ϫ/Ϫ mice have additional changes, including decreased cardiac function and abnormal arterial morphology, ultrastructure, and mechanics (37) . This transition suggests that pressure increases beyond the threshold of E18 mice switch the cardiovascular system from one that does not require elastin for normal function to one that does and that pressure regulation may be a viable treatment for cardiovascular defects in human elastinopathies and may help modulate elastin production in tissue-engineered arteries.
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